The search for the production of three massive vector bosons in proton-proton collisions, performed using data at √ s = 13 TeV recorded with the ATLAS detector at the Large Hadron Collider in the years 2015-2017, corresponding to an integrated luminosity of 79.8 fb −1 , is presented. Events with two same-sign leptons (electrons or muons) and at least two reconstructed jets are selected to search for WWW → ν νqq. Events with three leptons without any same-flavour opposite-sign lepton pairs are used to search for WWW → ν ν ν, while events with three leptons and at least one same-flavour opposite-sign lepton pair and one or more reconstructed jets are used to search for WW Z → νqq . Finally, events with four leptons are analysed to search for WW Z → ν ν and W ZZ → qq . Evidence for the joint production of three massive vector bosons is observed with a significance of 4.1 standard deviations, where the expectation is 3.1 standard deviations.
Introduction
The joint production of three vector bosons is a rare process in the Standard Model (SM). Studies of triboson production can test the non-Abelian gauge structure of the SM theory and any deviations from the SM prediction would provide hints of new physics at higher energy scales. Triboson production has been studied at the Large Hadron Collider (LHC) using proton-proton (pp) collision data taken at √ s = 8 TeV for processes involving at least one photon, and for the WWW process [1] .
Here, the first evidence for the joint production of three massive vector bosons in pp collisions using the dataset collected with the ATLAS detector [2] between 2015 and 2017 at √ s = 13 TeV [3] , for a total integrated luminosity of 79.8 fb 
Analysis strategy
Two dedicated searches are performed, one for the W ± W ± W ∓ (denoted as WWW ) process and one for the W ± W ∓ Z (denoted as WW Z) and W ± ZZ (denoted as W ZZ) processes. To search for the WWW process, events with two same-sign leptons with at least two jets resulting from WWW → ν νqq ( = e, µ, including τ → νν) or three leptons resulting from WWW → ν ν ν are considered and are hereafter referred to as the ν νqq and ν ν ν channels, respectively. To search for the WW Z and W ZZ (denoted as WV Z) processes, events with three or four leptons resulting from WV Z → νqq , WW Z → ν ν , and W ZZ →are used. Selection criteria are chosen in order to ensure there is no overlap between different channels. A discriminant that separates the WWW or WV Z signal from the background is defined in each channel. The discriminants are combined using a binned maximum-likelihood fit, which allows the signal yield and the background normalisations to be extracted. The combined observable is the signal strength parameter µ defined as the ratio of the measured WVV cross section to its SM expectation, where one common ratio is assumed for WWW and WV Z.
Signal and background processes were simulated with several Monte Carlo (MC) event generators. Triboson signal events [4] were generated using SHERPA, where all three bosons are on-massshell, using a factorised approach [5] . Events with an off-mass-shell boson through W H → WVV * and ZH → ZVV * were generated using POWHEG-BOX for the WWW analysis, while for the WV Z analysis PYTHIA was used. Both on-mass-shell and off-mass-shell processes were generated at next-to-leading order (NLO) QCD accuracy and are included in the signal definition.
Diboson (WW , W Z, ZZ), W /Z + γ and single boson (W /Z+jets) production, as well as electroweak production of W ± W ± + 2 jets, W Z + 2 jets, and ZZ + 2 jets, were modelled using SHERPA. In order to improve the agreement between the simulated and observed jet multiplicity distributions for the W Z → ν and ZZ → events, a jet-multiplicity based reweighting was applied to the simulated W Z and ZZ samples. Top-quark pair events (tt) and other background processes containing top quarks were generated using POWHEG-BOX or MADGRAPH5_aMC@NLO .
Leptons are required to pass certain identification quality requirements and to be isolated from other particles in both the calorimeters and the inner detector. The lepton isolation cone size is at most ∆R = 0.2, except for the muon isolation in the inner detector, where it is at most ∆R = 0.3. The requirements are more restrictive in the WWW analysis because a larger contamination is expected from jets misidentified as leptons or leptons from hadron decays (including b-and chadron decays), referred to as "non-prompt" leptons in the following.
A dedicated boosted decision tree (BDT), termed "non-prompt lepton BDT" [6] , is used to reject leptons likely to originate from heavy-flavour decays. In addition, electrons have to pass the "charge misidentification suppression BDT" [7] to reject electrons likely to have the electric charge wrongly measured.
Analysis targeting WWW
The experimental signature of the ν νqq process is the presence of two same-sign leptons, E miss T , and two jets. The signature of the ν ν ν process is the presence of three leptons and E miss T . To reduce the background contributions from processes that have more than two (three) leptons in the ν νqq ( ν ν ν) channel a "veto lepton" definition is introduced. Compared with the nominal lepton selection criteria, the veto lepton p T threshold is lowered, and the isolation, non-prompt lepton BDT, charge misidentification suppression BDT, and impact parameter requirements are removed.
To select ν νqq candidates, events are required to have exactly two nominal leptons and the same electric charge, at least two jets, and no identified b-jets. Four regions are considered, based on the lepton flavour, namely ee, eµ, µe, and µ µ. The invariant mass of the dilepton system is required to be in the range 40 < m < 400 GeV. The upper mass limit reduces the contribution from the W Z+jets process. A dijet system, formed by the two jets with the largest p T , is required to have m j j < 300 GeV and |∆η j j | < 1.5. The cuts applied on the dijet system mainly reduce the contributions from the same-sign WW vector boson scattering process. Additionally, in the ee final state, E miss T is required to be above 55 GeV and m must satisfy m < 80 GeV or m > 100 GeV, to reduce contamination from Z → ee where the charge of one electron is misidentified. To select ν ν ν candidates, events are required to have exactly three nominal leptons and no identified b-jets. To reduce the contribution from the W Z → ν process, events are required to have no same-flavour opposite-sign (SFOS) lepton pairs.
A major background originates from the W Z+jets → ν +jets process, contributing to the ν νqq channel when one lepton is not reconstructed or identified, or to the ν ν ν channel when a Z boson decays into a pair of τ leptons both of which decay to an electron or muon. Simulation is used to estimate this background. Data and simulation agree in a dedicated validation region.
Contributions from SM processes that produce at least one non-prompt lepton are estimated using a data-driven method as described in Ref. [8] , where data control regions are scaled by a "fake factor", which is derived from two tt-enriched regions selected with two or three leptons (no SFOS lepton pairs) and exactly one b-jet. Events resulting from the V γ j j production can pass the ee, eµ and µe signal selection criteria if the photon is misreconstructed as an electron. This contribution (referred to as "γ conv.") is evaluated using a data-driven method similar to the non-prompt lepton background evaluation by introducing "photon-like" electrons. The charge misidentification background originates from processes that produce oppositely-charged prompt leptons, where one lepton's charge is misidentified and results in final states with two same-sign leptons. The background is estimated using a data-driven technique.
Analysis targeting WW Z and W ZZ
The experimental signature of the WV Z → νqq , WW Z → ν ν , and W ZZ →processes is the presence of three or four charged leptons. In order to increase the signal acceptance, "loose" leptons are defined in addition to nominal leptons, the latter being a subset of the former. Loose leptons have both the isolation and non-prompt lepton BDT requirements removed. In addition, for loose electrons the charge misidentification suppression BDT requirement is removed. Six regions are defined with either three or four loose leptons, sensitive to triboson final states containing Z bosons. Among all possible SFOS lepton pairs, the one with m closest to the Z boson mass is defined as the best Z candidate. In all regions, the presence of such a best Z candidate with |m − 91.2 GeV| < 10 GeV, is required. Furthermore, any SFOS lepton pair combination is required to have a minimum invariant mass of m > 12 GeV. Events with b-tagged jets are vetoed.
For the three-lepton channel, the lepton which is not part of the best Z candidate is required to be a nominal lepton. The scalar sum of the transverse momenta of all leptons and jets (H T ) is required to be larger than 200 GeV. This significantly reduces the contribution of the Z → processes with one additional non-prompt lepton. Three regions are defined according to the number of jets in the event: one jet (3 -1j), two jets (3 -2j), and at least three jets (3 -3j). For the four-lepton channel, the third and fourth leading leptons are required to be nominal leptons. The two leptons which are not part of the best Z candidate definition are required to have opposite charges. These "other leptons" are used to define three regions, depending on whether they are different-flavour (4 -DF), or same-flavour and their mass lies within a window of 10 GeV around the Z boson mass (4 -SF-Z) or their mass is outside this window (4 -SF-noZ).
In each of the six regions the distribution of a dedicated boosted-decision-tree discriminant, separating the WV Z signal from the dominant diboson background, is fed as input to the binned maximum-likelihood fit to extract the signal. For the three-lepton channels, 13, 15, and 12 input variables are used for the 3 -1j, 3 -2j, and 3 -3j final states, respectively, while for the four-lepton channels, six input variables are used for each of the 4 -DF, 4 -SF-Z and 4 -SF-noZ final states.
Due to the required presence of nominal leptons in the three-and four-lepton channels, backgrounds with a Z boson and non-prompt leptons are reduced. The remaining backgrounds are dominated by processes with prompt leptons and thus all backgrounds are estimated using simula-tion. The W Z+jets and Z+jets backgrounds are validated in a region defined in the same way as the 3 -1j region, with the exception that no requirement on H T is applied, the third-highest-p T lepton is required to have a small transverse momentum (10 GeV < p T < 15 GeV), and the invariant mass of the three leptons has to be smaller than 150 GeV. Data and expectation agree in a dedicated validation region. The ttZ background is determined in a region defined like the 3 -3j region with the exception that no requirement on H T is applied, and at least four jets are required, of which at least two are b-tagged. This region is included as a single-bin control region (CR) in the fit model.
Signal extraction and combination
The WWW , WW Z and W ZZ regions are combined using the profile likelihood method based on a simultaneous fit to distributions in the signal and background control regions. A total of eleven signal regions are considered: four regions (ee, eµ, µe, and µ µ) for the ν νqq channel, one region (µee and eµ µ combined) for the ν ν ν channel, three regions (3 -1j, 3 -2j, and 3 -3j) for the WV Z three-lepton channel, and three regions (4 -DF, 4 -SF-Z, and 4 -SF-noZ) for the WV Z four-lepton channel. One control region is considered: the ttZ control region described in Section 4. The distributions used in the fit are the m j j distributions for the ν νqq channel and the BDT distributions for the WV Z three-lepton and four-lepton channels. The number of selected events in the ν ν ν channel and the ttZ control region are each included as a single bin in the fit. In total, 186 bins are used in the combined fit. Correlations of systematic uncertainties arising from common sources are maintained across processes and channels.
The simultaneous fit model has the power to constrain the normalisations of the dominant backgrounds from the W Z and ZZ processes at the ∼5% level. The contribution to the WVV signal from V H associated production is ∼40% in the WWW fiducial regions and ∼30% in the WV Z fiducial regions. Figure 2 shows the comparison between data and post-fit prediction of the combined m j j distribution for the ν νqq channel, the number of selected events for the ν ν ν channel, and the BDT output distributions in the 3 -2j and 4 -DF regions for the WV Z analysis. The 3 -2j and 4 -DF regions are chosen since they have the best sensitivity among the three-lepton and four-lepton channels. Data and predictions agree in all distributions.
The overall observed (expected) significance for WVV production is found to be 4.1σ (3.1σ ), constituting evidence for the production of three massive vector bosons. The combined best-fit signal strength for the WVV process, obtained by the fit to the eleven signal regions and one control region, is µ WVV = 1.40
−0.37 with respect to the SM prediction. The statistical uncertainty in the measured signal strength is +0.25 −0.24 and the systematic uncertainty is +0.30 −0.27 . The largest systematic uncertainties come from uncertainties related to data-driven background evaluations affecting the WWW channels, from theoretical uncertainties related to renormalisation and factorisation scale variations, and from experimental uncertainties.
Fits are also performed separately in the WWW and the WV Z channels. where the other signal strength is fixed to its SM expectation. For the fits of the WWW channels, an additional W Z control region is used in the fit, helping to constrain the overall normalisation of the W Z+jets background, which in the combined fit is constrained by the WV Z three-lepton signal regions. The observed (expected) significance is 3.2σ (2.4σ ) for WWW production and 3.2σ (2.0σ ) for WV Z production. (a) (b) Figure 2 : Post-fit distribution of (a) m j j for the WWW → ν νqq analysis (ee, eµ, µe, µ µ combined) and (b) the BDT response in the 4 -DF channel for the WV Z analysis [3] . The uncertainty band includes both statistical and systematic uncertainties as obtained by the fit. Table 1 : Observed and expected significances with respect to the SM background-only hypothesis for the four WVV channels entering the fit. Table 1 and Figure 3 (a) summarise the observed and expected significances with respect to the background-only hypothesis and the observed best-fit values of the signal strength for the individual and combined fits. The measured signal strengths from the individual fits are converted to inclusive cross-section measurements using the signal samples and the central values of the theoretical predictions. All uncertainties determined in the fit are included in the conversion, except for the normalisation uncertainty in the signal prediction. The results are: σ WWW = 0.65
−0.14 (syst.) pb and σ WW Z = 0.55 ± 0.14 (stat.) +0.15 −0.13 (syst.) pb. For the σ WW Z extraction, the W ZZ normalisation is fixed to the SM expectation. The cross section of the latter is not reported, since there is not enough sensitivity to this channel to quote a separate cross-section value. Figure 3(b) shows the data, background and signal yields, where the discriminant bins in (a) all signal regions are combined into bins of log 10 (S/B), S being the expected signal yield and B the background yield. The background and signal yields are shown after the global signal-plusbackground fit to the data.
Summary
The search for the joint production of three massive vector bosons (W or Z) in proton-proton collisions using 79.8 fb −1 of data at √ s = 13 TeV collected by the ATLAS detector at the LHC, was presented. Events with two, three or four reconstructed electrons and muons were analysed. First evidence for the production of three massive vector bosons has been observed with a combined significance of 4.1 standard deviations, where the expectation is 3.1 standard deviations. The measured production cross sections are σ WWW = 0.65 
